betterment are pursued by using appropriate substrate and gate material. 24 MoS 2 is the mostly studied material of TMDC group because of its intriguing properties. 8, [22] [23] [25] [26] MoSe 2 is the selenium counterpart of MoS 2 , having a direct monolayer optical gap ~ 1.58 eV at room temperature, which is less than MoS 2 (1.9 eV), having an optimal range for optical device utility. [27] [28] Bulk MoSe 2 exhibits an indirect band gap of ~ 1.1 eV in comparison to ~ 1.2 eV for bulk MoS 2 . 29 It possesses high trion binding energy (~30 meV) and narrower emission line-width. 30 MoSe 2 is also known to be a promising candidate to observe interesting phenomena like exciton condensation [31] [32] or Fermi-edge singularity 33 and at the same time it has proved its potential for new generation optoelectronic devices. 34 An extraordinary privilege of such vdW systems is the uninhibited materialization of combination of disparate systems to obtain tailor made best of both properties. There are evidences of heterostructures (HS) resulting from combinatorial lower dimensional systems like 0D-2D, 1D-2D or 2D-2D. 35 Among all these systems 2D-2D HS has established its potential to obtain furtherance in carrier transport, excitonic, optical and vibrational attributes. 35 Such HS paves the way for generation of devices with unique characteristics. In the present work, we intend to overcome the drawbacks in the electrical and electronic properties of MoSe 2 by integrating it with a top GO layer. The interlayer coupling of these two layers can be modulated depending on the concentration and type of the functional ligands on GO. [36] [37] [38] Most of the monolayer TMDC are heavily n-type doped due to defect and charge impurities and possess strong Fermi level pinning near the conduction band. [39] [40] Previous works have indicated that MoSe 2 FETs are n-type, posing good gate control. In spite of having a suitable gap-value, its natural n-type propensity restricts its versatility of device usage as junction devices or p-type field-effect transistors. 41 However, to develop multipurpose applicability, it is very much required to fabricate both n and p type devices. 42 Area selective plasma immersion by using phosphine plasma has also enabled a ptype doping in MoS 2 . 43 However, in all these processes, the tunable control of doping is lacking. Controlling the doping by growing a bilayer heterostructure is relatively easier to handle. There are several studies in the literature depicting modification of doping, transport and optical properties of the TMDC underneath by placing a top layer of G or GO.
23, 38, 44-46
Depending on the oxygen concentration of the attached GO layer, Musso et. al. has demonstrated a lowering of the p-type Schottky barrier height for GO/MoS 2 system. 38 Nevertheless, these previous studies have not dealt with fine tunability of doping and their impact on non-collinear magnetism, static and time dependent optical properties and realisticdevice transport.
In the present investigation we have demonstrated tuning of doping for bilayer HS GO/MoSe 2 by varying the concentration and types of functional ligands attached to the GO layer. Effects of functional ligands in modulating the interlayer coupling and thereby obtained impacts on the static and time dependent optical and device transport properties are elaborated. The outcome of these studies suggests the promising potential of the present HS in future opto-electronic device applications.
Results and Discussions
To study the electronic properties of GO/MoSe 2 interface, we have initially constructed a Graphene (G)/MoSe 2 interface by joining the two lattices by Co-incidence Site Lattice (CSL) concentrations of both OH and COOH (G-Low) and (4) higher concentrations (G-High) of both ligands. To avoid strain induced buckling of GO layer, the functional groups are placed symmetrically on both sides of the G surface. [37] [38] To demonstrate the role of these functional Our present study on GO/MoSe 2 system can be categorized into the following steps: 1) Using first principles technique comprising spin-orbital coupling (SOC), we have investigated the tunable carrier doping and the respective impact on non-collinear magnetic properties of the GO/MoSe 2 system; 2) MoSe 2 is well-accomplished for its interesting excitonic behaviour.
We have investigated the optical properties of the system by static DFT and time-dependent density functional theory (TDDFT) to understand the impact of modulated interlayer coupling on the optical properties of the HS; 3) None of the earlier works have examined an extrapolation of their doping achievement for realistic devices. By using self-consistent DFTbased quantum transport calculations, we have investigated the device made out of the different GO/MoSe 2 configurations as a channel material for both edge/lateral and top/vertical contact geometries using Au as contact metal.
DFT + SOC results:
The detailed analysis of electronic structure of the GO/MoSe 2 heterostructure (HS) is performed by using GGA-PBE + SOC calculations. For such systems lacking inversion symmetry, effect of SOC is significant. We start with a comparison of the GGA and GGA+SOC bandstructure of MoSe 2 4 4 1 monolayer (ML) surface. band-structure and DOS of the same system respectively after incorporating SOC. The band structure reveals a spin-splitting for both valence (VB) and conduction bands (CB). Whereas for the VB splitting, the valley dependence of the spin-splitting is the dominant cause, the CB splitting is a combined effect of the larger negative component of SOC for Se and a smaller positive contribution from Mo-d orbitals. 48 Since incorporation of SOC renders the magnetic moments to be non-collinear, the adjacent DOS of Fig. 1 Presence of ligands at the G-surface can tune the inter-layer charge-transfer and thereby can also control the doping of the underneath MoSe 2 layer. Interlayer charge-transfer between the component layers of the HS will be evident from the charge density plots presented in Fig. 2(a) -(d). However, the pernicious outcome of increasing ligand concentration is seen to have interesting effects on the SO-coupled non-collinear magnetic properties of the system. From HS2-HS5, with increasing ligand concentration, the x, y and z component of the magnetic moment gradually increases, as can be seen from table 2. We have also presented a comparative spin-density plot in Fig. 3 , which suggested an increase in spin-density of the systems with increasing ligand concentration for all the three components at both layers. For GO layer, the manifestation of increment of spin-density is more due to its buckling. The same order of magnitudes of magnetic moments for all the three components suggests absence of any magnetic anisotropy.
Figure 3: Spin Density plots for HS2 for a) x, b) y, c) z-projected components, HS3 d)x, e) y, f) z, HS4 g) x, h) y , i) z and HS5 j) x , k) y , l) z .
To understand the manifestation of ligand concentration on the electronic band-structure of the system, the atomically projected band structures are investigated for three cases: (1 eV respectively. 49 For static DFT, we have used the Kubo-Greenwood formula to calculate the susceptibility tensor and the real and imaginary part of the dielectric tensor in terms of refractive index (n) and the extinction coefficient () as . The absorption coefficient can be derived from the extinction coefficient as: . 47 The detailed procedure of calculations is described in the supporting information.
For a one-to-one comparison of the PDOS and the optical absorbance, GGA + SOC PDOS and the corresponding optical spectra are plotted at consecutive columns of The highest peak in absorbance occurs at ~ 2.5 eV, corresponding to the transition from the strong bonding levels of MoSe 2 , consisting of Se-4p z hybridized Mo-4d xy , 4d x2-y2 and 4d 3z2-1 levels to the unfilled Se-4p x , 4p y -hybridized levels of same orbital Mo-character. 53 From the PDOS plot 5(a), it will be evident that the contribution to the z-component is more at the bonding regime. For HS1, due to the presence of G, the bandgap is reduced, the outcome of which is revealed in the absorbance spectrum with the appearance of additional peaks before To obtain an idea about the excitonic mechanism in such HS, we have also investigated the time dependent optical properties of these systems. For this purpose, we have used timedependent density functional theory (TDDFT) approach, as implemented in ELK code. 54 The computational methodology is described in computational section. TDDFT is an extension of density functional theory in time domain, where time dependence is incorporated in the approximation of the exchange-correlation kernel (XCK) from the explicit time dependence of the xc potential and electron-density. 55 We have used the bootstrap kernel to investigate the excited state behaviour and formation of bound excitons, as described in the supporting information. The TDDFT kernel, possessing correct long range 1/q 2 behaviour in the long-wavelength limit, is capable of reproducing the formation of bound excitons with an optimal computational cost. (HS3) and for (E) G-Low/MoSe 2 (HS4). Achieving a high concentration of ligands is not plausible for this smaller structure. For monolayer MoSe 2 , the absorbance depicts two main excitonic peaks and their corresponding low-energy satellites, which may be due to bound charged excitons like trions. 59 The presence of positively and negatively charged quasiparticles are well-known for such systems. 10 Presence of A 1s and B 1s exciton positions are calculated to be at 1.38 and 1.43 eV respectively (Fig. 6b) . The corresponding experimental values are 1.59 and 1.65 eV. 49 The peak positions are slightly underestimated in TDDFT, which may be due to the approximations used for XCK. The approximation used for type doping in the system for HS3 or HS4, the intensity of trion peak is quenched. On the contrary, for HS2 with OH introduced n-type doping, A 1s * peak is stronger because of more n-type carriers. The unchanged peak position for A 1s supports the well-known phenomena of band-gap renormalization. 60 The change in the electron-hole interaction for 1s exciton obtained after modifying the electrostatic screening by introduction of different functional ligands at the interface is nullified by the modification of electron-electron interaction and thereby resulting change in the quasiparticle band-gap. 60 For B 1s and B 1s * the absorption spectrum of HS1 is red-shifted with respect to monolayer MoSe 2 . The intensity of all B exciton peaks are less than A exciton. However, for both B 1s and B 1s * , there is a small modification of peak positions from HS1-HS4 (Fig. 6b) . For B 1s * , a similar trend of intensity quenching with increasing p-type doping is also observed. The higher excitonic peaks are all having lesser intensity and also there are variations of peak positions from HS1 to HS4.
Therefore, presence of functional ligands and the resulting modified interlayer coupling and dielectric screening has impacts for higher excited state absorptions. For low energy excitons, band-gap renormalization effect does not allow any shift of exciton peak positions.
Quantum transport properties for vertical and lateral contact devices:
Although both experimental and theoretical accomplishment of anticipated doping pattern by forming the 2D-2D HS is feasible, behaviour of the HS after placement of electrical contacts may undergo drastic changes. The contact geometry and electronic properties of interfaces of metal contacts with the HS of two semiconducting systems have their individual roles to play.
We intend to explore the transport behaviour of the HS for lateral and vertical placement of contacts with a commonly used metal like gold (Au). A model device configuration having two electrodes, electrode extension and a central region is shown in Scheme 1. The geometry of the lateral and vertical contacts for real system will be evident from Scheme 1b and 1c
respectively. The device configurations are constructed by using the ATK 15.1 package, as described in the computational methods section.
Scheme 1: (a) A model device configuration having two electrodes, electrode extension and a central region, (b) model lateral contact and (c) model vertical contact.
For (Fig. 7) . In this case, the charge transfer from Au-6s to Mo-4d occurs via Se-4p leading to filled Mo-4d states below -1 eV and above 1 eV. Near E F states are mostly populated by Au and Se hybridized states. The p-type schottky barrier (SB) is shorter than n-type ones for lateral case, whereas the n-type one is shorter for vertical interface. In summary, we have investigated the fundamental electronic properties of GO/MoSe 2 HS and its excitonic and transport properties as a function of the interlayer coupling to analyse the potential of the system for nano-electronic and opto-electronic device application.
Conclusion
We have investigated the role of functional ligands in modulating the interlayer coupling and the consequential control on the type of doping for various HS of GO/MoSe 2 accomplished after varying the concentration and type of ligands. A comprehensive observation of time independent and dependent optical properties has enabled us to identify the interconnection of the underlying modification of electronic structure upon variation of interlayer interactions and the exciton dynamics. We have also studied the realistic device transports for the system with both lateral and vertical contacts with Au. For such systems, where the carrier density modifications are obtained by vertical charge transfer, vertical/top contacts are seen to be most useful to retain the obtained advantage of carrier density. These observations are believed to provide an efficient insight of the electronic structure of the system and thus utilization of these systems for opto-electronic and nano-electronic device applications.
Computational Details:
We have combined appropriate calculation procedures at different steps of investigations. 
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